Polyacrylate (PAA) adsorbents selectively bind low density lipoproteins (LDL) from human plasma and blood, whereas very low density lipopro- 
Introduction
Organic and inorganic porous spherical hardgels with polyacrylate (PAA) ligands are used to selectively remove LDL from human plasma or blood of patients. The first ex vivo experiments for LDL-apheresis used a polymethacrylate hardgel with PAA-ligands [1] . The PAA adsorbent most widely used for treatment is prepared from a polyacrylamide hardgel and is marketed since 1996 [2].
The adsorption binding of LDL can not be explained by an immune reaction, since PAA adsorbents do not include antibodies against lipoproteins. Since the cause of the selectivity of adsorption remains unclear, the in vitro experiments described in this report were made to compare and shed light on the typical adsorption properties of PAA adsorbents.
Materials
Polymethacrylate hardgels were from Tosoh Bioscience (Stuttgart, Germany). Various bulk raw materials were used: TOYOPEARL HW 65C For clear understanding of the following, these "untreated" hardgels are distinguished from oxirane-activated hardgels, including FRACTOGEL AF Epoxy ® and FRACTOGEL EMD-Epoxy ® , a glycidmethacrylate derivative of Toyopearl hardgel from MERCK GmbH (Darmstadt, Germany), both of which contain reactive oxirane residues. Glycidylmethacrylate is also a chemical component of all other Toyopearl type hardgels. Polyacrylamide hardgel EUPERGIT C250L ® was from Degussa-Röhm (Darmstadt, Germany). Unbranched polyacrylic acids with molecular weights between 1,200 dalton and 250,000 dalton were provided from BASF (Ludwigshafen, Germany), Degussa (Krefeld, Germany) and Sigma (München, Germany). Fluorescamine, N-Ethoxycarbonyl-2-ethoxy-1,2-dihydrochinolin (EEDQ) and epichlorhydrin were from Sigma. Test kits for the measurement of urea, triglyceride, cholesterol, and HDL cholesterol were from Roche Diagnostics (Mannheim, Germany).
Methods

Synthesis of oxirane-activated polymethacrylate hardgels
"Untreated" polymethacrylate hardgels were reacted with epichlorhydrin as described elsewhere [3] . The oxiraneactivated hardgels were thoroughly washed with distilled water, followed by aceton and dried in the exsiccator.
Synthesis of amino-derived hardgels
For the preparation of amino derivatives aliquot 1.5 g of "untreated" polymethacrylate hardgels were suspended in 10 ml of aqueous ammonium hyroxide (10% w/v). The mixture was slowly shaken overnight. Thereafter, the supernatant solution was removed and the solid phase repeatedly washed with distilled water until the wash solution reached pH 6. Water was removed from the particles by several washes with aceton; the aceton was evaporated by drying the amino-derivative of the hardgel at 60°C for 12 hours. The same procedure was used for oxirane-activated polymethacrylate hardgels and for the preparation of the amino derivative of EUPERGIT C250L ® , in which the reactive oxirane residues are equally provided from glycidylmethacrylate [4] .
Synthesis of polyacrylic acid (PAA) adsorbents 3a. "Wet" synthesis
Aqueous PAA solutions (20 g PAA/l H 2 O) were adjusted to pH 4.2 with NaOH. The mean molecular weight of PAA varied between 1,200 dalton and 250,000 dalton. The amino-derivatives of the polymethacrylate hardgels (1.3 g aliquots) were mixed in 5 ml of the pH-adjusted PAA solutions for 1 hour at room temperature. Thereafter, 0.2 g EEDQ in 5 ml aceton was added dropwise. The mixture was rotated for 1 hour. The supernatant solution was removed and the PAA-polymethacrylate adsorbent washed 5 times with 50 ml aceton, thereafter with 100 ml 1 mol/l NaCl, thereafter with 1 l distilled water, washed again with 100 ml aceton to remove the water, and dried at 60°C. PAA-polyacrylamide adsorbents were prepared from amino-derived EUPERGIT C250L
® by the same procedure.
3b. "Dry" synthesis
Dry amino-derived polymethacylate hardgel (1 g aliquots) was suspended in 10 ml of a 2% PAA solution. In one series of experiments the mean molecular weight of PAA varied between 1,200 dalton and 250,000 dalton. The pH of the PAA solution was adjusted with NaOH to pH 4.5.
In a second series of experiments the pH of the PAA (mw 250,000) solution varied between pH 3 and pH 10. The suspensions were rotated at room temperature for 2 hours. Thereafter, the supernatant solution was removed and the hardgel was washed twice with methanol and once with aceton. The hardgel having adsorbed PAA was heated for 40 hours to 70°C, followed by washing with 100 ml 1 mol/L NaCl, subsequently with 1 l distilled water, equilibration to pH 7.4, washing with 60 ml aceton and drying in the exsiccator. The same procedure was used for the synthesis of PAA adsorbents from amino-derived EUPERGIT C250L
Analytical experiments 1 . Proof of the presence of oxirane groups in "untreated" hardgels Untreated polymethacrylate hardgels (0.05 g aliquots) were treated with ammonium hydroxide solution, thoroughly washed with water and dried as described above. The dried hardgels were mixed with of 0.5 ml of 0.01% fluorescamine in acetone. After 5 minutes the solution was removed and the particles thoroughly washed with distilled water. The fluorescence of the particles was examined under the fluorescence microscope. The same procedure was applied to oxirane-derived polymethacrylate hardgels and to polyacrylamide hardgel. Aminoderived hardgels were directly reacted with fluorescamine as described above for examination by fluorecescence microscopy.
Proof of PAA covalently bound to amino-derived hardgels
One hundred microlitres of ortho-toluidine blue (o-tb, 10 mg/l) were added to PAA-derived hardgels (0.05 g of each), suspended in 4 ml distilled water at pH 7.8. The decoloration of the solution and concommittant metachromatic staining of the hardgel particles was visually examined after shaking the suspension for 10 minutes. For control, "untreated" hardgels and amino-derived hardgels were correspondingly examined.
Proof of amino groups in PAA adsorbents
PAA-polymethacrylate and PAA-polyacrylamide adsorbents were reacted with fluorescamine and examined by fluorescence microscopy as described above.
Adsorption of lipoproteins to PAA adsorbents
In one series of experiments aliqout 3 ml of citrated plasma from a human donor having fasted for 16 hrs prior to blood sampling was applied to columns prepared with 0.7 g of Toyopearl HW75F adsorbents with PAA having a mean molecular weight between 1,200 dalton and 250,000 dalton. Corresponding experiments were made using PAA-Eupergit C250L adsorbents. In another series, adsorbents with PAA covalently bound at pH 3, pH 5, pH 7 and pH 9, respectively, were used. The adsorbents were equilibrated to pH 7.4 prior to perfusion of 3 ml of citrated plasma. ) was also perfused with the same plasma. Triglyceride, cholesterol and HDL cholesterol concentrations were measured using enzymatic methods. LDL cholesterol was calculated according to Friedewald et al. [5] . Urea was also measured to account for dilution.
Adsorption of lipoproteins to
Blood perfusion through PAA-polymethacrylate adsorbents
Three millilitres of citrated blood were perfused through columns of 0.7 g PAA(mw 250,000)-derived TOYOPEARL HW70EC ® and PAA(mw 250,000)-derived TOYOPEARL HW75C ® , respectively, to examine the retention of blood cells on the adsorbents. Blood cell counts were measured before and after perfusion using an automated blood cell counter.
Observations and results
Reactive oxirane groups in "untreated" polymethacrylate hardgels
Polymethacrylate hardgels are copolymers of ethylene glycol or oligomers of ethylene glycol, glycidmethacrylate and a mixture of erythrol-methacrylate, erythrol-dimethacrylate and erythrol-trimethacrylate. According to the synthesis described in [6] the hardgels contain reactive oxirane groups that may be destroyed by hydrolysis. The polymethacrylate hardgels are not suitable for the preparation of adsorbents with small ligands for affinity chromatography, because of their low contents of reactive oxirane groups. However, for polymeric ligands containing a large number of residues for covalent binding, such as PAA, polymethacrylate hardgels containing only a small number of oxirane residues may still be suitable. Therefore the proof of the presence reactive oxirane groups in "untreated" polymethacrylate hardgels seemed to be pertinent to assess their suitability for the synthesis of PAA adsorbents without the need for additional epoxidation. The sodium thiosulfate method used for proof of the presence of reactive oxirane groups [7] revealed to be impractical and insensitive for the detection of small amounts of oxirane groups. Amino groups in proteins react with fluorescamine to form fluorescent products [8] . Oxirane groups in hardgels that are converted to amino residues equally react with fluorescamine to form a fluorescent product. Since fluorescamine does not form a stable fluorescent product with ammonia, the method is suitable for sensitive identification of primary amino residues in hardgels. The observations for proof of reactive oxirane groups in "untreated" polymethacrylate hardgels after reaction with ammonia are summarized in Table 1 . Figures 1 to 4 show fluorescence microscopy images of Toyopearl hardgels. No fluorescence of particles was detectable in TOYOPEARL HW 65C ® (Figure 1 ), whereas fluorescence of TOYOPEARL HW 75C ® particles was clearly evident (Figure 2 ). 1) Hardgels were reacted with ammonia followed by treatment with fluorescamine. Figure 1 : Ammonia treated Toyopearl HW65C particles that were reacted with fluorescamine. A fluorescent particle is shown as impurity to demonstrate the contrast to the bulk of particles that do not exhibit fluorescence. Magnification x200 ® particles after reaction with ammonia followed by treatment with fluorescamine. Magnification x200
Amino groups in vicinal position of hydroxy groups are selectively destroyed by periodate. For verification, "untreated" TOYOPEARL HW75F ® was therefore reacted with ammonia and subsequently treated with fluorescamine for the presence of oxirane groups (Figure 3) . The ammonia-treated hardgel was subjected to periodate oxidation followed by reaction with fluorescamine. No fluorescence was detected in these particles (Figure 4) . The observation confirms that the position of amino residues is vicinal to hydroxy groups that were formed from reactive oxirane groups in the "untreated" hardgel. PAA covalently bound to amino-derived hardgels
The addition of the dye o-tb to an aqueous PAA solution at pH 7.8 causes a metachromatic shift of light absorption from blue to purple. A suspension of particles with PAA ligands should adsorb the dye, while the solution should rapidly turn colourless clear. The observations of the o-tb test with "untreated", amino-derived and PAA-derived hardgels are listed in Table 2 .
No decoloration or metachromatic shift of the o-tb solution occurred after exposure to "untreated" and amino-derived hardgels. By contrast, particles of PAA-derived hardgels stained purple while the blue o-tb solution rapidly decolorised. When stored for several weeks at room temperature no measurable coloration of the supernatant solution occurred, whereas the purple colour of the particles remained stable indicating a firm binding of the dye to the PAA adsorbent and the lack of dissociation of PAA from the particles. Amino residues in PAA-polymethacrylate and polyacrylamide adsorbents
To gain information on the surface properties of PAA-derived polymethacrylate and polyacrylamide hardgels, the adsorbents were investigated for the presence of amino groups. The PAA adsorbents were examined by fluorescence microscopy after treatment with fluorescamine as described above. The observations are listed in Table 3 . All PAA adsorbents exhibited fluorescence. After treatment with periodate the adsorbent particles no more exhibited fluorescence with fluorescamine. The observations indicate that amino groups were located vicinally to hydroxy groups on the surface of the adsorbents. They also indicate that only parts but not all amino residues on the hardgels reacted with PAA during covalent binding. 1) The PAA adsorbents prepared from amino-derived hardgels after treatment with fluorescamine.
Binding of plasma lipoproteins to PAA adsorbents
The results of experiments of the adsorption of plasma lipoproteins to TOYOPEARL HW 75F ® and EUPERGIT C250L ® hardgel with PAA ligands having mean molecular weights between 1,200 dalton and 250,000 dalton are listed in Table 4 . (A comparison of the chemical, spectroscopical and adsorbtive properties of the widely used commercial polyacrylamide PAA adsorbent and the PAAEupergit C250L adsorbent revealed striking identity.) The results of Toyopearl adsorbents were more consistent than those of Eupergit adsorbents. HDL were adsorbed only to a small extent. Interestingly, the adsorption of LDL was related to the molecular weight of the ligand. Hardgels with PAA ligands having a molecular weight <20,000 dalton did not significantly adsorb LDL. Selective and extensive adsorption of LDL occurred to adsorbents having PAA ligands with a molecular weight of 100,000 dalton and above. The dissociation of carboxyl groups in PAA changes with pH [9] . At pH 3 all carboxyl groups are hydrogenated, whereas at pH >9 all carboxyl groups are dissociated. As the degree of dissociation of carboxyl groups during covalent binding of PAA to amino-derived hardgel could affect on the adsorption properties of the adsorbent towards lipoproteins, perfusion experiments were made using PAA(mw 250,000)-derived TOYOPEARL HW75F
® adsorbent, in which the polyanion had been covalently bound at different pH and equilibrated to physiological pH. The lipid concentrations after perfusion through the adsorbents are listed in Table 5 . LDL cholesterol in the perfusate was 72% to 81% reduced independent of the adsorbent used, HDL cholesterol concentration was reduced by 5 to 8% . The adsorption of VLDL can be estimated from VLDL triglyceride concentration using the mean molar triglyceride/cholesterol ratios in HDL and LDL [10] and their respective cholesterol concentrations. VLDL triglyceride concentrations were calculated from the difference of plasma triglyceride and (HDL+LDL) triglyceride. VLDL triglycerides in perfused plasma did not differ significantly from VLDL triglycerides of non-perfused plasma. The results indicate that the reduction of triglyceride concentration in perfused plasma is almost entirely contributed by LDL triglycerides. -free plasma was used to exclude a possible effect of these ions, which are normally present in plasma. The adsorbent 
Adsorption of cholesterol-rich
Perfusion of blood through PAA (mw 250,000) polymethacrylate adsorbents
To prove the suitability of PAA-derived polymethacrylate adsorbents for blood perfusion, citrated blood was passed through columns with PAA-derived TOYOPEARL HW 70 EC ® and HW 75C ® adsorbents. The concentrations of blood cells before and after perfusion are listed in Table  8 . Neither the concentration of red blood cells nor that of leukocytes or platelets was reduced to an extent that would have clinical significance.
Discussion
Perfusion techniques for the elimination of lipoproteins from human blood or plasma ex vivo include adsorbents using specific antibodies for immune reaction [11] , [12] or polyanions for physico-chemical adsorption. The ligands of polyanion adsorbents are either polysulfates, such as heparin and dextran sulfate [13] , [14] or polyacrylates [1] , [2] . The driving force for the binding of lipoproteins to polyanions under pH conditions below the isoelectric point of the lipoproteins is assumed to result from electrostatic attraction [15] . However, the mechanism of adsorption of lipoproteins under physiogical conditions, i.e. above their isoelectric point, is not well understood. Polyanions, including polysulfates and inorganic polyphosphates, precipitate VLDL and LDL in the presence of unphysiologically high concentrations of divalent cations [16] , [17] , [18] , [19] . Inorganic polyphosphates activate platelets and the plasmatic clotting system. Therefore they are not suitable for lipoprotein elimination ex vivo. Polycarboxylates, such as pectic acid, hyaluronic acid and carrageenin λ, do not precipitate lipoproteins in solution [20] , [21] ; however, grafted polyacrylic acid does bind lipoproteins [1] , [2] . In vitro, polysulfate adsorbents bind VLDL and LDL [22] , whereas PAA adsorbents almost exclusively bind LDL. The PAA adsorbents used in the described experiments have pores with a size exclusion for globular proteins within 40,000 dalton and 50 million dalton. VLDL have a molecular weight up to 10 million; therefore size exclusion effects for VLDL during perfusion can be disregarded; the adsorption properties of PAA adsorbents rather point to specific colloid-chemical features of the polycarboxylic ligands. The synthesis of the PAA adsorbents includes an intermediate amino derivative of the hardgel. In an aqueous medium above pH 3 and below pH 9 PAA is electrostatically attracted by the amino residues forming a polymeric salt on the surface of the hardgel. Thereafter, free amino groups on the hardgel are covalently linked to carboxyl groups of PAA. The covalent binding of PAA to the particle is multicentric and the PAA ligands are attached in loops rather than as bristles. The presence of free amino groups in the PAA adsorbents further indicates that some but not all amino groups are used for covalent binding so that free carboxylate groups of PAA can electrostatically inter-act with free amino groups on the hardgel. Consequently, the loops of the PAA ligands on the surface of the adsorbent exhibit a certain flexibility due to the reversable electrostatic association of the amino and carboxyl groups. The flow resistance of such an adsorbent was found to be less than that of a polyanion adsorbent that does not contain additional chargeable amino groups on its surface. Although the physico-chemical properties of such adsorbents have not yet been described, experiments with end-grafted PAA adsorbents revealed observations that should equally apply to the PAA adsorbents described above. PAA is a weak polyanion, in which the dissociation of carboxy groups in solution increases almost linearly with pH [9] , [22] . However, in PAA brushes the pH was found to remain almost constant within pH 6 to pH 8 [23] , [24] . In such a system charged residues accumulate at the end of the polyelectrolyte chain, whereas there are less charges in the interior of the chain [25] . The hydration of the brushes increases with the dissociation of the carboxyl residues of the ligand. The hydration causes a swelling of the brush thickness. However, the degree of hydration is unevenly distributed. The outer zone is more hydrated than the centre of the polyanionic ligand [26] . Biopolymers or biopolymer composites larger in size will penetrate less into the polyanionic layer than composites of smaller size. Furthermore, composites with a high negative surface charge density will be repelled from the outer zone of the polyanion layer, whereas polymers with a low negative surface charge density, such as LDL, may penetrate through the outer zone and bind in the inner zone of the PAA ligand, which has a lower charge density and is less hydrophilic. Experiments using neutron reflectometry showed that globular bovine serum albumin (BSA) molecules penetrate deeply in the layer of like-charged PAA brushes [27] . The experiments also showed that an increased surface charge density of BSA impairs the penetration of the molecules. The surface charge density of lipoproteins in a physiological environment has not yet been determined. However, electrophoretic experiments indicate that the negative surface charge density of VLDL and HDL seems to be considerably higher than that of LDL and intermediate density lipoproteins (β-VLDL) [28] , [29] . A high negative surface charge density of VLDL and HDL would explain, why at physiological pH conditions these lipoproteins are repelled from the equally charged PAA adsorbent. The larger volume of VLDL additionally contributes to a repulsion of these particles. Therefore the adsorption of VLDL and HDL would be less likely. It is also conceivable that the low negative surface charge density of LDL at physiological pH makes it possible that LDL particles diffuse through the outer, repulsive zone into the inner zone of the PAA ligand, where they are bound to less charged domains. The difference of surface charge densities of lipoproteins under physiological conditions could therefore explain the preferential adsorption of cholesterol-rich lipoproteins by PAA adsorbents.
The influence of the molecular weight of polysulfates on the precipitation of lipoproteins was found to be negligible [21] . Comparative studies on grafted polysulfates have not be published. However, the commercial dextran sulfate adsorbent used for lipoprotein apheresis contains a covalently bound ligand with a molecular weight smaller than that of heparin [30] . PAA adsorbents with ligands of low molecular weight were not found to adsorb LDL; the limit of molecular weight of PAA, above which adsorbents significantly bind LDL, was found near 65,000 dalton. There could be two determining reasons for the limit: a. The formation of loops of PAA bound to the particle surface decreases with the molecular weight of the ligand. Consequently the functional surface of the adsorbent will be smaller; b. Since the negative surface charge density should rather impair LDL particles from binding to PAA adsorbents at physiological pH, it is plausible to assume that more (nondissociated) carboxyl groups of the PAA ligand are involved in the binding of cholesterol-rich lipoproteins. Therefore, PAA ligands should have a minimal chain length to provide at least one binding domain for cholesterol-rich lipoproteins. Both conditions make it plausible that there is a relation between the molecular weight of the PAA ligand and lipoprotein adsorption. Interestingly, the binding of polyethyleneglycol to PAA was also found to be related to the chain lenght of the polyanion [31] . Ca ++ and Mg ++ ions precipitate lipoproteins in the presence of polysulfate electrolytes with high surface charge density [16] . The binding to strong polyanions occurs by electrostatic interaction and independent of the pH [24] . Ca ++ ions are more strongly bound than Mg ++ ions [32] to sulfate and sulfaminogroups of a tetrasacharide unit in heparin [33] , [34] . The binding of divalent cations to PAA is pH dependent and involves two neighbouring carboxylate residues in the same chain [35] , [36] . In light of these observations a possible effect of divalent cations on the adsorption of lipoproteins to surface-bound polyacrylate had to be considered. The adsorption experiments showed that the presence of divalent cations for the binding of cholesterol-rich lipoproteins from plasma to the PAA adsorbents is not prerequisite. On the contrary, the adsorption of LDL by PAA adsorbent preloaded with Ca ++ and Mg ++ ions is impaired. Since the intramolecular binding of the divalent cations to PAA reduces the surface charge and causes a dehydration of the grafted polyelectrolyte [37] , the effect of Ca ++ and Mg ++ on LDL adsorption may be the consequence of a shrinking of the PAA layer rather than a competitive effect of the ions blocking specific LDL binding sites on the PAA ligand [38] . The blood perfusion experiments show that adsorbents with particle diameters above 50 μm C-and EC-type Toyopearl hardgels and other types with larger particle dimensions are equally suitable for apheresis of blood and plasma. The physical dimensions of these hardgels provide sufficient room for blood cells to flow through the interparticle space of an adsorbent, whereas the use of adsorbents with smaller particle sizes is limited to plasmapheresis only.
Conclusion
LDL adsorbents prepared from amino-derived polymethacrylate hardgels and PAA-polyacrylamide hardgel with colavently bound polyacrylate ligands have the same adsorption properties. The properties are defined by the ligand rather than the chemical composition of the hardgel or the spacer between the hardgel and the ligand. The adsorption properties of PAA adsorbents are explained by the specific colloid-chemical properties of surface-bound PAA, which differ from those of polysulfate ligands.
Notes
